Exercise-induced glucose uptake in skeletal muscle is mediated by an insulin-independent mechanism, but the actual signals to glucose transport in response to muscle contraction have not been identified. The 5 -AMP-activated protein kinase (AMPK) has emerged as a putative mediator of contraction-induced glucose transport, although no conclusive evidence has been provided so far. Recent experiments in AMPK transgenic mice suggest that glucose transport induced by 5-amino-4-imidazolecarboxamide riboside (AICAR) or hypoxia is mediated by AMPK. In contrast, contraction-induced glucose transport in rodent skeletal muscle induced by electrical stimulation in vitro or in situ is not influenced or is only partially reduced by abolishing both or one of the catalytic AMPK subunits. This is compatible with exercise studies done in humans, where no tight correlation is found between AMPK activity and glucose uptake during exercise. Taken together, these results question an essential role of AMPK in exercise-induced glucose uptake and imply that one or more additional pathways are involved in mediating glucose transport in skeletal muscle during exercise.
Introduction
Exercise is characterized by an increase in energy production in the contracting skeletal muscle. The energy is mainly derived from the metabolism of fat and carbohydrate, where the latter substrate is accounted for by uptake of blood glucose and breakdown of muscle glycogen. The relative and absolute energy-contribution from these fuel sources depends on several parameters such as pre-exercise diet, muscle fibre type, exercise duration, exercise intensity, training status and the prevailing muscle glycogen level [1, 2] . Skeletal muscle glucose uptake is a function of glucose delivery and the transmembrane glucose transport from the interstitial space to the inside of the muscle cell. Exercise mediates glucose transport via an insulin-like effect, as both of these stimuli increase glucose transport by recruitment of specific glucose transporter proteins (GLUT4) to the plasma membrane. However, exercise-induced glucose transport does not require the action or signalling of insulin [3] [4] [5] [6] [7] and there is also evidence that the two stimuli recruit GLUT4 to the sarcolemma from distinct cellular compartments [8] [9] [10] . Various signalling mechanisms have been proposed to link exercise to mediation of GLUT4 translocation, but so far the effects of exercise on glucose uptake are imperfectly understood. It was established years ago that the rise in intracellular calcium as a result of membrane depolarization Key words: acetyl-CoA carboxylase, glycogen, skeletal muscle.
Abbreviations used: AMPK, 5 -AMP-activated protein kinase; AMPKK, AMPK kinase; AICAR, 5-amino-4-imidazolecarboxamide riboside; ACC, acetyl-CoA carboxylase. 1 To whom correspondence should be addressed, at Universitetsparken 13, DK-2100
Copenhagen, Denmark (e-mail jnnielsen@aki.ku.dk).
is a contributing factor to enhanced glucose uptake during muscle contraction [11] . However, if glucose transport were only activated by a feed-forward calcium-sensitive mechanism associated with the excitation/contraction coupling, the regulatory and adaptive capacity of the system would be limited. Consistent with the existence of a mechanism regulated by energy and fuel status, it has been demonstrated that the glucose transport during contraction in mammalian skeletal muscle is more dependent on tension development than on stimulation frequency [12, 13] . Thus, metabolic stress may be monitored during exercise and the glucose transport regulated accordingly. In this context, the 5 -AMPactivated protein kinase (AMPK) has recently emerged as a possible candidate for partly mediating exercise-induced muscle glucose transport.
Regulation of AMPK activity
AMPK is a ubiquitously expressed sensor of cellular energy charge. The central concept is that the AMPK system protects individual cells by acting as a 'low fuel warning' system. Upon activation, AMPK switches off ATP-consuming anabolic processes and turns on ATP-producing catabolic processes, via phosphorylation of several downstream metabolic enzymes and via effects on gene expression (reviewed recently in [14] ). Two catalytic subunits of AMPK are known. The α1 isoform is widely distributed in different body tissues and the α2 isoform is primarily expressed in skeletal muscle, heart and liver [15] . Regulation of AMPK activity involves several mechanisms (Figure 1 ). Allosteric activation of AMPK is brought about by an increase in the AMP/ATP ratio and a decrease in the phosphocreatine/creatine ratio [16] . AMPK is also covalently activated by AMPK kinases (AMPKKs) via phosphorylation on Thr 172 of the catalytic α subunit [17, 18] . AMPKK, like AMPK, is also allosterically activated by AMP [17, 19 ], but appears not to be regulated by phosphocreatine. Binding of AMP to AMPK makes the enzyme a better substrate for AMPKK [18] and a worse substrate for deactivating protein phosphatases [20] . In skeletal muscle, AMPK also seems to be regulated by glycogen. High muscle glycogen levels, induced by exercise training or a combination of prior exercise and diet, are associated with low basal and contraction-or 5-amino-4-imidazolecarboxamide riboside (AICAR)-stimulated α2AMPK activity compared with skeletal muscle with normal or low glycogen levels [21] [22] [23] . Importantly, this effect of glycogen on AMPK is possibly independent of changes in adenine nucleotide concentrations [23] as also seen with AMPK regulators such as metformin and hyperosmolarity [24, 25] . Thus, there seems to exist as yet undefined mechanisms regulating AMPK activity.
Exercise regulation of AMPK in human skeletal muscle
The first demonstration that AMPK is activated by exercise was done in rat skeletal muscle and was reported in 1996 [26] . Several subsequent studies elucidated the regulation of AMPK in rodent skeletal muscle in response to muscle contraction and exercise (reviewed in [27,27a] ). In human skeletal muscle, exercise activates AMPK in an isoformspecific, intensity-and time-dependent manner [28] [29] [30] [31] [32] [33] . At low work intensities (approx. 50% VO 2peak ), no increase in AMPK activity associated with the α1 or α2 subunit is detectable [31, 33] . However, if the exercise is sustained for approx. 3.5 h, α2AMPK activity is increased [33a] . At higher intensities (approx. 65-90% VO 2peak ), an increase in α2AMPK activity above basal is detected as soon as 5 min into the exercise bout [28, 29, 31, 32] , whereas α1 activity is only increased when maximal sprint exercise is performed [30] . The lack of exercise-induced increases in α2AMPK or α1AMPK activity measured in vitro (reflecting phosphorylation) at low intensities does not necessarily mean that AMPK is not activated in vivo. This is so because acetyl-CoA carboxylase (ACC)-β phosphorylation (Ser 221 , reflecting covalent plus allosteric activity of AMPK) is increased at low work intensities (as low as 45% VO 2peak ) in human skeletal muscle, where AMPK activity measured in vitro is unchanged [33a] . Notably, activation of AMPK (measured as AMPK and ACC phosphorylation) in response to acute exercise is diminished in skeletal muscle of trained individuals compared with sedentary subjects working at the same relative intensity. This is probably due to a better maintenance of the energy charge and a less pronounced exercise-induced acidification in exercise-trained muscle [33b] .
AMPK and exercise-induced glucose transport
Since Winder and Hardie in 1996 [26] observed that AMPK was activated by exercise and Merrill and co-workers in 1997 [34] showed that AICAR increased glucose uptake in rat skeletal muscle, a long line of studies have added further support for the possible involvement of AMPK in contraction-induced glucose transport (recently reviewed in [14, 27, 35] ), although other studies have challenged this notion (see below and [36] ). Firstly, treatment of rodent and human skeletal muscle with AICAR elicits the translocation of GLUT4 to the plasma membrane in cardiac and skeletal muscle [37] [38] [39] in vitro. Secondly, similar to exercise, AMPK activation by AICAR stimulates glucose transport through an insulin-independent mechanism, based on the observations that insulin and AICAR elicit additive effects on glucose uptake, whereas there is no additivity with the combination of AICAR plus contraction [40] [41] [42] . Furthermore, similar to contraction-stimulated glucose transport the effect of AICAR on glucose transport is not phosphoinositide 3-kinasedependent in rodent skeletal muscle [40, 41] . Thirdly, studies have shown a positive relationship between the activation of glucose transport and AMPK in isolated rat skeletal muscle when subjected to a range of metabolic stressors (e.g. hypoxia and dinitrophenol), electrical stimulation and AICAR [43] .
Taken together, numerous observations have been supportive of AMPK playing a role in the mediation of exercise-induced glucose transport, but none of these studies have provided conclusive evidence. In fact, the most definite evidence comes from experiments in transgenic mice that are casting doubt on an essential role for AMPK in contractioninduced glucose transport. Mu et al. [44] generated a strain of mice carrying a dominant negative form of α2AMPK in cardiac and skeletal muscle, suppressing both α1-and α2-associated AMPK activity ('kinase-dead'). It was elegantly demonstrated that insulin-induced glucose transport in skeletal muscle was unaffected, whereas AICAR-stimulated or hypoxia-stimulated glucose transport was abolished in skeletal muscle by expression of the transgene. Most importantly, glucose transport in fast twitch muscle was reduced by approx. 40% after in vitro contraction and by approx. 30% after in situ stimulation via the sciatic nerve. For some time it was believed that contraction and hypoxia utilized the same mechanism in stimulation of glucose uptake [45] . However, the study by Mu et al. in 'AMPK-dead' mice as well as other studies point out that muscle contraction and hypoxia utilize, at least partly, different signalling pathways to glucose transport, with hypoxia being most dependent on AMPK activation [44, [46] [47] [48] .
We have investigated the role of AMPK in AICAR-and contraction-induced glucose transport even further in two strains of transgenic mice, with the α1AMPK or the α2AMPK gene knocked out in order to obtain evidence for the distinct roles of the two catalytic AMPK isoforms. AICARstimulated glucose transport was totally eliminated in α2AMPK-knockout animals in both soleus (slow twitch) and extensor digitorum longus (fast twitch) muscle. Interestingly, AICAR stimulation of glucose transport in extensor digitorum longus and soleus muscle from α1AMPK-knockout mice was normal. These data suggest that α2, but not α1, is essential for AICAR-induced glucose transport. More importantly, in vitro muscle contraction stimulated glucose transport normally in soleus and extensor digitorum longus muscles of both the α1 and α2 transgenic mouse strain, suggesting that neither of the two catalytic subunits are essential in contraction-mediated glucose uptake (S.B. Jørgensen, B. Viollet, C. Frosig, J.B. Birk, F. Andreelli, P. Scherling, S. Vaulont, E.A. Richter and J.F.P. Wojtaszewski, unpublished work). Taken together, experiments using transgenic mice provide strong evidence that AICAR specifically increases glucose transport via α2AMPK, while neither α1 nor α2 is essential for glucose transport induced by contraction. Therefore, AICAR cannot be used as a contractionmimicking stimulus to glucose transport.
As already described, AMPK is increased in human skeletal muscle during exercise and AMPK activation is an imperative response if support is to be gained that AMPK is essential in exercise-induced glucose uptake. The lack of increase in AMPK activity at low intensities, where glucose uptake is increased (reviewed in [1] ), is not incompatible with a role for AMPK in exercise-induced glucose uptake because ACC-β phosphorylation (Ser 221 ) is increased at low work intensities (see the previous section). Assessment of AMPK activity under conditions where exercise-induced glucose uptake is attenuated or enhanced is a way to elucidate whether AMPK plays a role in glucose uptake during exercise in humans. This has been done in two studies. In one study, advantage was taken of the fact that glycogen loading of human skeletal muscle is associated with decreased exerciseinduced glucose uptake. Based on recent rodent studies [21] [22] [23] , it was hypothesized that AMPK activity in human skeletal muscle would be blunted during exercise if glycogen levels were super-compensated and that this would correlate with a blunted uptake of glucose. To test this hypothesis, human subjects were exercised under glycogen-loaded and glycogen-depleted conditions. Indeed, AMPK activity, ACC-β phosphorylation (Ser 221 ) and leg glucose uptake increased less during exercise in the glycogen-loaded condition than during exercise in the glycogen-depleted condition. However, despite this co-variation of the mean values, no significant correlation between individual values of AMPK and ACC on one hand and glucose uptake on the other could be observed [48a] . In another study, advantage was taken of the fact that exercise causes exaggerated glucose uptake in patients with McArdle's disease (glycogen myophosphorylase deficiency) compared with control subjects working at the same absolute, and even at the same relative, work intensity [49] . If AMPK has a regulatory role in glucose uptake it could be hypothesized that AMPK activity would be enhanced during exercise in these patients. In order to test this hypothesis, muscle biopsies from McArdle patients and matched control subjects were sampled before and at the end of 20 min of cycle exercise. It was found that glucose utilization, α2AMPK activity and ACC-β Ser 221 phosphorylation were enhanced in McArdle patients during exercise compared with the healthy control subjects, consistent with a role for AMPK in exercise-induced glucose uptake. Nevertheless, no significant correlation between the individual data points for glucose utilization and AMPK activation was observed. Thus, mean values of exercise-induced AMPK activity and glucose utilization covary during exercise in two different human experimental models. However, the lack of significant correlations of individual values questions an essential role for AMPK in exercise-induced glucose uptake.
Conclusion
Taken together, the studies carried out in skeletal muscle from exercising humans and contracted muscle from transgenic mice support the idea that AMPK is not essential in mediation of glucose transport during exercise and muscle contraction. Contraction-induced glucose transport in rodent skeletal muscle induced by electrical stimulation in vitro or in situ is not influenced, or is only partially reduced, by abolishing both or one of the catalytic AMPK subunits. Likewise, in humans no tight correlation is found between AMPK activity and glucose uptake during exercise. Nevertheless, AMPK is activated in response to exercise and to our knowledge it remains to be demonstrated that AMPK activation by any stimulus can take place without a concomitant increase in glucose transport. Therefore, a role for AMPK in exercise-induced glucose uptake cannot be excluded. It could be speculated that AMPK-independent signalling to glucose It is proposed that AICAR-and hypoxia-induced glucose uptake in skeletal muscle are AMPK-dependent, whereas exercise-induced glucose uptake is not or is only partially dependent on AMPK. It should be considered that during electrically stimulated muscle contraction (and perhaps exercise) a part of the stimulus to glucose transport may be due to hypoxia involving AMPK. Arrow thickness reflects the proposed relative involvement of the different pathways.
transport dominates during exercise and that the role of AMPK may only be to fine tune the transport of glucose in a feedback-type manner. There is strong evidence that glucose transport induced by AICAR or hypoxia is mediated by AMPK and that specifically α2AMPK is essential for the AICAR stimulus. Taken together, these results question an essential role of AMPK in exercise-induced glucose uptake and imply that one or more additional pathways are involved in mediating glucose transport in skeletal muscle during exercise (Figure 2 ). 
